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Introduction {#sec1}
============

In bacteria, transcription is mediated by a single DNA-directed RNA polymerase (RNApol). This enzyme is composed of four essential subunits: the α subunit is involved in RNApol assembly and interaction with transcriptional regulators and promoters, the β and β′ subunits form the catalytic core, and the variable σ subunit is required for promoter recognition and transcription initiation ([@bib23], [@bib24]). In addition, non-essential subunits also exist, including the ω subunit, which promotes RNApol assembly and is present in all domains of life ([@bib13], [@bib30]), or the Firmicutes-specific δ subunit that decreases RNApol affinity toward DNA and consequently increases specificity ([@bib26]).

Because of the central role that transcription initiation plays in determining gene expression and hence protein production in bacteria, regulating the activity of this enzyme has been one of the major points of focus of synthetic biology. So far, the vast majority of approaches have focused on promoter engineering and the use of repressors ([@bib1], [@bib42]), and more recently the use of single-subunit RNA polymerases ([@bib31]). Although these attempts have been very successful and allowed the implementation of numerous regulatory switches and circuits, the number of well-characterized switches is still relatively low thereby limiting the complexity of the resulting genetic circuitry.

The potential of exploiting the RNApol subunits themselves has been mostly neglected. However, the σ subunit, in particular, holds great engineering potential owing to its role in determining the DNA specificity of RNApol via interaction with their target promoters. In addition to the essential primary σ factors in charge of housekeeping functions, bacteria contain a large diversity of non-essential alternative σ factors that control specific subsets of genes. This ability to redirect RNApol is based on alternative promoter signatures specific of each σ factor ([@bib34]).

The largest and most diverse group of alternative σ factors is the extracytoplasmic function family, currently divided into 94 groups that are supported by sequence similarity, genomic context conservation, and target promoter sequence ([@bib34]). Extracytoplasmic function σ factors (ECFs) exhibit several attractive features for engineering. (1) They are widespread in bacteria ([@bib43]); (2) they recognize alternative promoters that are unrelated to those recognized by the housekeeping σ factor ([@bib43]); (3) they are simple and highly modular by containing only two of the conserved σ factor domains, each interacting with one of the key promoter elements (i.e., −35 and −10 elements) ([@bib14]); and (4) the activity of ECFs is naturally controlled by a variety of mechanisms ([@bib28]) that can potentially also be engineered. This implies that, at least theoretically, ECF circuits implemented in one organism can be easily transferred to another given that all bacteria have σ factor-dependent transcriptional initiation. In addition, their small size and reduced number of conserved domains makes them easy to manipulate.

Despite these attractive features, surprisingly few attempts have so far been made to implement σ-dependent regulatory switches and circuits ([@bib3], [@bib5], [@bib10], [@bib35], [@bib37], [@bib40]). However, these studies have already established that σ factors can indeed be used to build heterologous switches and circuits in *Escherichia coli*, *Bacillus subtilis,* and cell-free systems. Moreover, by taking advantage of the modularity of ECFs, combinatorial synthesis can be used to increase the diversity of ECF-based switches.

Despite these promising results, the robustness of ECF switches has never been evaluated in detail, thereby preventing their widespread use (e.g., for the assembly of more complex circuits). Here, we have implemented ECF switches in the Gram-positive model organism *B*. *subtilis* and comprehensively assessed their behavior by analyzing their responses to changes in copy number, different inducible promoters, variation in the length of their target promoters, ECF stability, and the effect of antisense transcription. We demonstrate that *B*. *subtilis* has a significantly narrower phylogenetic range of acceptance of heterologous σ factors, in contrast to *E*. *coli* ([@bib37]). In addition, the individual ECF switches do not respond identically when subjected to genetic perturbations. Our analysis highlights the need to expand the characterization of any ECF switch beyond their characteristic dose-response curve. Moreover, it uncovers the factors that might influence ECF switch behavior and underscores the critical importance of carefully designing ECF-based genetic circuits.

Results {#sec2}
=======

ECF Switches from Different Origins {#sec2.1}
-----------------------------------

ECFs suitable for implementation in *B*. *subtilis* had to obey the following rules: (1) they had to belong to ECF groups different from those already encoded in the genome of *B*. *subtilis* 168 to avoid cross-activation of the ECF target promoter and (2) their target promoter sequence needed to have been either experimentally determined (as is the case of ECF121 of *S*. *venezuelae;* [@bib6]) or predicted by comparative genomics in the course of the ECF classification ([@bib34]). We selected model organisms from the γ-Proteobacteria, α-Proteobacteria, Actinobacteria, and Firmicutes to cover a wide phylogenetic range and thereby increase the diversity of ECFs to be implemented. The ECF profiles of *B*. *subtilis* 168, *Bacillus licheniformis* ATCC 14580, *Bacillus cereus* ATCC 10987, *E*. *coli* K-12 DH10β, *Sinorhizobium meliloti* 1021, and *Streptomyces venezuelae* ATCC 10712 were determined and the suitable ECFs selected ([Figure 1](#fig1){ref-type="fig"}A).Figure 1Choice of ECF Switches from Different Origins for Implementation in *B*. *Subtilis*(A) The ECF profiles of *B*. *subtilis* 168 (Bsu), *B*. *licheniformis* ATCC 14580 (Bli), *B*. *cereus* ATCC 10987 (Bce), *E*. *coli* K-12 DH10β (Eco), *S*. *meliloti* 1021 (Sme), and *S*. *venezuelae* ATCC 10712 (Sve) are represented. Boxes indicate that ECFs of the group indicated on top are present in the strain indicated on the left. The boxes are colored in black when ECF of that group and organism were tested in B. subtilis 168 and in gray when not tested. The ones shown in (C) are colored accordingly. Forty six ECFs were tested: *B*. *licheniformis* ATCC 14580 ECF41_BL00106 and ECFUC_BL04030; *B*. *cereus* environmental isolate ECF105_ecf105; *E*. *coli* K-12 DH10β ECF02_ECDH10B_2741 and ECF05\_ ECDH10B_4491; *S*. *meliloti* 1021 ECF15_SMb21484 ECF16_SM_b20531, ECF26_SMa0143, ECF26_SMc02713, ECF26_SMc04051, ECF29\_ SMb20592, ECF41_SM_b20030, and ECF42_SMc01150; and *S*. *venezuelae* ATCC 10712 ECF02_SVEN_4513, ECF12_SVEN_4870, ECF14_SVEN_4793, ECF17_SVEN_0063, ECF19_SVEN_0399, ECF20_SVEN_6501, ECF27_SVEN_3669, ECF38_SVEN_2914, ECF38_SVEN_3369, ECF38_SVEN_6611, ECF39_SVEN_3215, ECF39_SVEN_3278, ECF39_SVEN_3293, ECF39_SVEN_3759, ECF39_SVEN_4575, ECF41_SVEN_0136, ECF41_SVEN_0858, ECF41_SVEN_3295, ECF41_SVEN_3475, ECF41_SVEN_3480, ECF41_SVEN_3821, ECF41_SVEN_3859, ECF41_SVEN_1176, ECF42_SVEN_4377, ECF42_SVEN_7131, ECF50_SVEN_0980, ECF51_SVEN_0015, ECF52_SVEN_3871, ECF53_SVEN_0434, ECF53_SVEN_6745, ECF56_SVEN_4562, ECF121_SVEN_3185, and ECF123_SVEN_4540.(B) Generic genetic layout of the ECF switch. Thick arrows represent open reading frames. "T" represents terminators. Half circles represent ribosome-binding sites. Thin arrows represent promoters.(C) Dose-response curves drawn using the luminescence output value, represented through relative luminescence units (RLU) normalized by the optical density measured at 600 nm (OD600 nm), achieved 90 min after the addition of the inducer to the exponentially growing culture. ECF switches were built using ECFs BL00106 (red), BL04030 (green), ECF105 (blue), and SVEN_0399 (purple). Final concentrations of xylose used for induction of P~*xylA*~ were 0, 0.002, 0.008, 0.03, 0.125, or 0.5% (w/v). Vertical bars represent standard deviations calculated from three independent experiments.

The ECF switches were implemented following the general design depicted in [Figure 1](#fig1){ref-type="fig"}B: transcription of the ECF-encoding gene was controlled by the xylose-inducible P~*xylA*~ promoter. The ECF genes from *S*. *meliloti* and *S*. *venezuelae* were codon adjusted for expression in *B*. *subtilis* and an N-terminal FLAG tag was added, which is known not to interfere with ECF activity ([@bib11], [@bib15], [@bib27], [@bib46], [@bib47]). The corresponding ECF target promoter was inserted upstream of the *luxABCDE* operon of *Photorhabdus luminescens* optimized for *B*. *subtilis* translation machinery ([@bib39]), thereby allowing to monitor promoter activities based on bioluminescence. Both transcriptional units were inserted into the chromosome at two different well-established loci, hence ensuring a copy number that reflects that of the chromosome: the ECF transcriptional unit was integrated into the *lacA* locus, which encodes a non-essential β-galactosidase involved in galactan utilization ([@bib41]), whereas the promoter or reporter cassette was integrated into the *sacA* locus, which encodes a non-essential phosphosucrase involved in sucrose utilization ([@bib25]). Both loci are located in close vicinity to the chromosomal origin of replication, thereby minimizing any negative positioning effects and ensuring a balanced expression of both transcriptional units ([@bib38]).

A total of 46 heterologous ECF switches, derived from *S*. *venezuelae* (33), *S*. *meliloti* (8), *E*. *coli* (2), *B*. *licheniformis* (2), and *B*. *cereus* (1), were implemented. Four of these switches were active ([Figure 1](#fig1){ref-type="fig"}C), whereas the remaining 42 did not show any activity ([Figure S3](#mmc1){ref-type="supplementary-material"}). None of these switches caused any detectable growth defects ([Figure S6](#mmc1){ref-type="supplementary-material"}), indicating that under these conditions they are not toxic to the host cells.

The active switches were derived from BL00106 (ECF41) and BL04030 (unclassified) ECFs of *B*. *licheniformis*, ECF105 (ECF105) of *B*. *cereus*, and SVEN_0399 (ECF19) of *S*. *venezuelae* and behaved differently ([Figure 1](#fig1){ref-type="fig"}C): the BL04030- and ECF105-derived switches have a maximal fold-induction of four, whereas the BL00106 and SVEN_0399 switches have a maximal fold-induction of 6 and 14, respectively. The uninduced baseline activity of these four switches (OFF state) also varied, with BL00106 showing higher variation, whereas the ECF105-dependent switch showing the highest baseline. With regard to the ON state, BL04030 switch showed the lowest, whereas SVEN_0399 had the highest maximal output of the switches. The switching threshold (i.e., the concentration of inducer at which the switch turns ON) was determined to be between 0.002% and 0.008% xylose for BL04030, whereas for the remaining switches, it was observed below 0.002% xylose. Remarkably, three of the four switches behave analogously, that is, their output gradually increases over a range of inducer concentrations. In contrast, the BL04030 switch behaves in a digital fashion, i.e., there is a threshold concentration at which the switch directly shifts from the OFF to the fully induced state.

The variation in switch behavior already in this simple design suggests different properties when faced with additional phenotypic or genetic constraints. We therefore decided to challenge these four switches by imposing changes in the copy number of each transcriptional unit, the nature of the inducible promoter driving ECF expression, ECF stability, size of the ECF target promoter, and strength of antisense transcription.

Variations in Copy Number of Each Transcriptional Unit {#sec2.2}
------------------------------------------------------

Initially, the copy number of each of the two transcriptional units was changed either separately or simultaneously. Three variants were analyzed for each ECF switch, in which each or both of the constituent transcriptional units were maintained in a multi-copy plasmid. Again, no growth defects were detected on strains carrying these switches ([Figure S7](#mmc1){ref-type="supplementary-material"}).

Whenever both transcriptional units are present in single or multiple copies, both the maximal output and the baseline increased, with an overall pronounced loss of dynamic range ([Figure 2](#fig2){ref-type="fig"}; black X versus blue closed circle). A subsequent analysis of strains in which only one of the transcriptional units is present in multiple copies demonstrates that the increase in baseline and the resulting loss of dynamic range is mostly due to the increase in copy number of the promoter or reporter cassette ([Figure 2](#fig2){ref-type="fig"}; red closed circle versus green closed circle).Figure 2Robustness of Heterologous ECF Switches in *B*. *subtilis*The four three-dimensional scatterplots show the behavior of the ECF switches upon the imposed alterations. Each plot corresponds to one ECF: BL00106 and BL04030 of *B*. *licheniformis*, ECF105 of *B*. *cereus,* and SVEN_0399 of *S*. *venezuelae*. The x axis corresponds to the baseline value of the switch; the y axis corresponds to the maximum output level of the switch, and the z axis corresponds to the maximal fold-induction. Baseline refers to the output observed in the absence of inducer, maximal output refers to the output value upon induction with the maximal concentration of inducer, and fold-induction refers to the ratio between maximal output and baseline values. Baseline and maximal output level are shown as relative luminescence units (RLU) normalized by the optical density at 600 nm (OD600 nm). All data points represent averages of three independent experiments in which cells were grown to exponential phase, the expression of the ECF was induced by 0.5% xylose (or 10 μg/mL of bacitracin for P~*liaI*~-driven switches), and the values used were obtained 90 min after induction. The legend at the bottom of the figure shows the correspondence between the symbols and the performed alterations.

We have further investigated this behavior in the BL00106 switch by testing (1) the influence of *B*. *subtilis* native ECFs, (2) different plasmid backbones, (3) the existence of other promoter sequences in the BL00106 target promoter (P~*ydfG*~) fragment, (4) different orientations of the transcriptional unit, and (5) deficient termination from the transcriptional unit located upstream of P~*ydfG*~. The introduction of an array of terminators upstream of the P~*ydfG*~ promoter significantly decreased the baseline, suggesting that inefficient termination from upstream transcriptional units increased the background signal ([Figure S5](#mmc1){ref-type="supplementary-material"}).

Increasing only the copy number of the ECF-coding gene results in an increased baseline for BL04030, ECF105, and SVEN_0399 and an overall decrease in activity for BL00106 ([Figure 2](#fig2){ref-type="fig"}; closed red circle). For BL04030, this change also led to a loss of the digital behavior observed for the single copy switch ([Figure S7](#mmc1){ref-type="supplementary-material"}).

Type of Inducible Promoter Driving ECF Expression {#sec2.3}
-------------------------------------------------

Next, we investigated the behavior of the switches when expression of the ECF is controlled by two different promoters: the xylose-inducible P~*xylA*~ with an additional copy of the gene coding for its repressor (*xylR*) under the control of its native promoter (P~*xylR*~) and the bacitracin-inducible P~*liaI*~ ([@bib29], [@bib36], [@bib45]).

The *xyl* operon is present in the genome of *B*. *subtilis* 168. In the presence of our switches, the repressor XylR has two binding sites: one on the native P~*xylA*~ promoter and another on the P~*xylA*~ introduced with our switches. As it has been shown previously that the presence of multiple copies of the XylR operator negatively affects the repression mediated by XylR at its target promoter ([@bib16]), we hypothesized that the additional copy of *xylR* could reduce the baseline. However, after implementing the new design to our switches, we instead observed a reduced output if the *xylR*-P~*xylA*~ cassette was used ([Figure 2](#fig2){ref-type="fig"}; red open circle). We hypothesize that this reduction might be caused by the increased amount of XylR, given that in the presence of glucose XylR is known to mediate xylose-independent, glucose-dependent repression of P~*xylA*~ ([@bib22]).

The use of P~*liaI*~ as inducible promoter increased the fold-induction for all switches ([Figure 2](#fig2){ref-type="fig"}; blue open circle). In addition, the dose-response curves of the switches change and adopt the characteristic sigmoid shape of P~*liaI*~-controlled reporter cassette ([Figures S4](#mmc1){ref-type="supplementary-material"} and [S8](#mmc1){ref-type="supplementary-material"}). In fact, the shape of the dose-response curve of all ECF switches reflects that of the inducible promoter driving the ECF expression ([Figure S4](#mmc1){ref-type="supplementary-material"}), but with an overall reduced maximal output when compared with the inducible promoters themselves ([Figures S4](#mmc1){ref-type="supplementary-material"} and [S8](#mmc1){ref-type="supplementary-material"}). This reduction is most likely due to the fact that the inducible and ECF target promoters are functionally connected and the output of one promoter (inducible promoter) corresponds to the input of the other (ECF target promoter) ([@bib33], [@bib35]).

Changing the Stability of the ECF {#sec2.4}
---------------------------------

Translation is a crucial cellular process and is constantly monitored to recognize and release, e.g., stalled ribosomes. Many bacterial species target the resulting truncated proteins for degradation by the co-translational addition of the SsrA-tag, a small peptide encoded in the *ssrA* transfer-messenger RNA. Tagged proteins are then recognized and degraded by cytoplasmic proteases ([@bib21]). This mechanism, which has been studied in several microorganisms, including *E*. *coli* ([@bib2]) and *B*. *subtilis* ([@bib17], [@bib48]), has already been used to decrease the stability of transcription factors and improve the performance of genetic circuits ([@bib44]). We have therefore tagged the four ECFs with 11 SsrA-tag variants reported to confer different protein stabilities ([@bib2], [@bib17], [@bib48]) and subsequently tested the behavior of the resulting switches.

Again, the four switches responded differently to SsrA-tagging. The ECF105 switch was most sensitive, with all tagged variants being inactive ([Figure 2](#fig2){ref-type="fig"}; closed squares), whereas BL00106 was the most insensitive, with only three variants imposing major changes in switch behavior: LAA renders the switch inactive, whereas DVS and ASV cause an increase in baseline and maximal output ([Figure 2](#fig2){ref-type="fig"}). In the case of SVEN_0399, all variants caused a reduction in the switch\'s dynamic range with three of them (LAA, LVA, and AAV) resulting in the complete inactivation of the switch ([Figure 2](#fig2){ref-type="fig"}). The most complex scenario is observed for BL04030. Four variants (LAA, LVA, LDD, and ASV) have no effects on the dynamic range of the switches but cause the loss of the digital behavior exhibited by the untagged ECF ([Figure S9](#mmc1){ref-type="supplementary-material"}). Three variants (LAD, DAG, and AAV) cause its inactivation ([Figure 2](#fig2){ref-type="fig"}), whereas the remaining four variants (ISV, ISS, HHA, and DVS) cause an increase in baseline and maximal output, and also the loss of the digital behavior exhibited by the untagged ECF ([Figures 2](#fig2){ref-type="fig"} and [S9](#mmc1){ref-type="supplementary-material"}).

Reducing the ECF-Target Promoter Size {#sec2.5}
-------------------------------------

Transcription initiation starts with binding of the RNApol to its target promoter. Several contact points are made between RNApol subunits and the promoter ([@bib9], [@bib49]): the C-terminal domain of the α subunit contacts the promoter UP element (located approximately at positions −37 to −58); the conserved region 4 of the σ subunit contacts the −35 element (positions −35 to −30), whereas its region 2 contacts the −10 element (positions −12 to −7). In addition, the β′ subunit contacts the Z-element (positions −24 to −18 in the spacer region between −35 and −10 elements). Using the switches of [Figure 1](#fig1){ref-type="fig"} as starting point, we have varied the length of the DNA fragment carrying the promoter. In all cases we have tested shorter fragments, except in the case of SVEN_0399, in which a bigger fragment (−129 to +71) was also tested because the initial switch was built with a smaller promoter fragment.

Two major conclusions can be drawn from the vast array of tested BL00106 target promoter fragments ([Figure 2](#fig2){ref-type="fig"}; open squares): first, changes in baseline can be achieved by varying the length of the upstream region (compare fragments starting at positions −122, −56, and −35). Second, changes in maximal output can be achieved by varying the length of the downstream regions (for each starting position compare fragments ending at positions +78, +30, +10, +17, and +1) ([Figure S10](#mmc1){ref-type="supplementary-material"}).

For the other ECF switches, we obtained a number of surprising results: all shorter promoter fragments for BL04030 and ECF105 resulted in inactive switches ([Figure 2](#fig2){ref-type="fig"}), whereas the longest fragment for SVEN_0399 (−129 to +71) also failed to support the activity of the switch ([Figure 2](#fig2){ref-type="fig"}). The fact that a DNA fragment containing all necessary RNApol contact regions is not sufficient for switch activity is puzzling. One should note that the BL00106 target promoter is the only one for which the transcriptional start site has been experimentally determined ([@bib47]). Hence, the contact regions for the BL04030 and ECF105 σ factors might have been incorrectly predicted or other recognition sequences for binding of additional transcription factors might be necessary. As for the inactivity of the P~*SVEN_0399*~ ~-129\ to +71~ promoter, we hypothesize that this is due to the high GC content of the *S*. *venezuelae* promoter, which hampers transcription initiation in the low GC *B*. *subtilis*.

For both BL00106 and SVEN_0399, our results further underscore the previously described crucial importance of the UP element for efficient transcription initiation ([@bib37]): if this element is not included ([Figure 2](#fig2){ref-type="fig"}; "−35 to xx" fragments) the activity of the switch is drastically reduced.

Antisense Transcription {#sec2.6}
-----------------------

Antisense transcription occurs when promoters are located downstream and oriented in the opposite direction of genes. This particular design can influence gene expression through transcriptional interference ([@bib7], [@bib8]). In this work we investigated the influence of antisense transcription in the behavior of the ECF switches by introducing an antisense promoter downstream of the ECF genes. We chose five promoters of different strengths: the *B*. *subtilis* σ^A^-dependent promoters P~*veg*~ (very strong), P~*lepA*~ (strong), and P~*liaG*~ (weak) ([@bib20], [@bib32]); the intermediately strong *B*. *subtilis* σ^W^-dependent promoter P~*sigW*~ ([@bib18]); and the *E*. *coli* σ^A^-dependent promoter P~*J23101*~ (Anderson laboratory, <http://parts.igem.org/Promoters/Catalog/Anderson>), which is almost inactive in *B*. *subtilis* ([@bib36]).

Again, the ECF switches respond differently to this modification ([Figure 2](#fig2){ref-type="fig"}; crosses). The BL00106 switch is rather robust to transcriptional interference, whereas the ECF105 and SVEN_0399 switches are the most sensitive, resulting in a severe reduction of dynamic range, mostly due to an increased basal activity ([Figure 2](#fig2){ref-type="fig"}, crosses). Again, the BL04030 switch shows the most complex behavior: transcriptional interference decreased the dynamic range, either by reducing the maximal output (P~*sigW*~ and P~*veg*~) or by increasing the basal activity (P~*lepA*~, P~*liaG*~ and P~*J23101*~). Moreover, in all cases but under P~*veg*~ interference, the digital behavior of the BL04030 switch is lost ([Figure S11](#mmc1){ref-type="supplementary-material"}).

Overall Robustness of the Switches to Genetic Perturbations {#sec2.7}
-----------------------------------------------------------

The results from the previous sections demonstrate that the different modifications resulted in rather switch-specific alterations in their behavior that preclude easy generalizations. The plots shown in [Figure 2](#fig2){ref-type="fig"} provide an overview of the effect of these alterations on the baseline, maximal output, and maximal fold-induction of the switches. Each point represents one type of alteration relative to the default switch, i.e., the initial design as shown in [Figure 1](#fig1){ref-type="fig"}B (represented as a black X in [Figure 2](#fig2){ref-type="fig"}). The distribution of these points in the three-dimensional space therefore provides a measure of switch robustness toward modifications ([Figure S12](#mmc1){ref-type="supplementary-material"}).

Based on this, BL00106 and BL04030 are the two most robust switches, whereas ECF105 and SVEN_0399 are the most sensitive ones. For ECF105, most alterations cause its inactivation. A similar trend can be seen for SVEN_0399, for which a decrease in performance (increase in baseline, decrease in maximal output, and maximal fold-induction) is very pronounced. The reasons behind and implications of this behavior will be discussed in the next section.

Discussion {#sec3}
==========

From a conceptual perspective, the engineering of the σ subunit of RNApol indeed holds great potential as a universal way of controlling bacterial transcription initiation. In agreement with this, several groups have implemented σ-factor-based genetic switches and circuits ([@bib10], [@bib35], [@bib37], [@bib40]). Despite these first successes, little is still known about the behavior of these regulatory units in less isolated frameworks.

Here, we report on our attempts to implement ECF-based switches from different origins in *B*. *subtilis*. In contrast to the results obtained for ECF switch implementation in *E*. *coli* ([@bib37]), but in line with our preliminary observations ([@bib35]), only 4 of 46 constructed ECF switches were active. This high failure rate (over 82% inactive switches) does not seem to be due to: (1) the nature of the promoter used to induce expression, because inactive switches were built with both P~*xylA*~ and P~*liaI*~; (2) the deleterious effects of codon optimization on expression of the ECFs, because those from *E*. *coli* were not subjected to codon optimization and the resulting switches were also inactive; or (3) the unfeasibility of implementing ECFs from specific ECF groups, given that the ECF41 (BL00106) switch from *B*. *licheniformis* is active but none of the ECF41 switches from *S*. *meliloti* and *S*. *venezuelae* are. The overall trend seems to be that only ECFs from the same phylum, Firmicutes (here *B*. *licheniformis* and *B*. *cereus*), could successfully be implemented in *B*. *subtilis*. The reasons behind this apparent narrower range of acceptance of heterologous σ factors are currently unknown, and additional work will be necessary. However, we can postulate that the amino acid differences observed in the RNApol catalytic subunits of different phyla ([@bib23]) might generate a stricter environment for RNApol-σ factor interaction in *B*. *subtilis*. Another possibility concerns the Firmicutes-specific δ subunit, which is involved in decreasing the affinity of the RNApol to DNA ([@bib26]) and therefore might impair the ability of σ factors not evolved in its presence to form a productive transcriptional complex. For the specific case of ECFs originating from high-GC organisms, we can also conceive the requirement of additional factors whose function concerns the stabilization of high-GC open complexes, as is the case in other high-GC organisms ([@bib4], [@bib19]).

For the four active switches, we have systematically investigated the effect of genetically introduced perturbations on their behavior, by changing: (1) the copy number of each or both constituent transcriptional units, (2) the inducible promoter driving ECF expression, (3) the stability of the ECF protein, (4) the length of the DNA fragment containing the promoter, and (5) antisense transcription over the ECF coding gene and against the inducible promoter. The extensive variability we observed in the response of each ECF switch to a given alteration, and even to alterations of the same type, highlights the complexity of the regulation of ECF switch activity, which we cannot fully predict still. Hence a comprehensive analysis of the different factors influencing ECF activity *in vivo* is still required for each new ECF switch.

However, despite the high variability in responses between the four ECF switches, we could, nevertheless, extract some common trends on how to design ECF switches. An increase in copy number of any (or both) of the transcriptional units increased the baseline, which is in agreement with the results of implementing ECF timer circuits ([@bib35]). Accordingly, ECF switches for synthetic biology applications should be integrated into the chromosome rather than applied as multi-copy plasmid-borne transcriptional units. This will ensure balanced and tightly controlled expression because the copy number of the switch directly correlates with that of the chromosome. In addition, the switch can then be stably maintained without the need for constant selective pressure.

The choice of the inducible promoter used to drive ECF expression is another important aspect to consider when designing an ECF switch, as we observed that the shape of the output curves of the ECF switches closely follows that of the promoters driving their expression ([Figures 1](#fig1){ref-type="fig"} and [S4](#mmc1){ref-type="supplementary-material"}). This suggests that the stability of the ECF is equivalent to or lower than that of the reporter, as otherwise we would expect that a stable response of the switch is maintained by the ECF even after transcription of its coding gene has stopped. We have previously determined the half-life of the luminescence reporter signal to be between 4 and 5 minutes ([@bib36]). This suggests that the stability of our ECFs is also only a few minutes, which indeed has been reported for other σ factors ([@bib50]).

Reduction of transcription factor stability is an important parameter that has already been exploited in *E*. *coli* ([@bib44]) and *E*. *coli* cell-free systems ([@bib40]) to increase the temporal resolution of oscillators and reduce the baseline of genetic switches. Here, we have investigated the behavior of our ECF switches when the ECF was tagged for degradation by addition of SsrA tags. It is tempting to suggest that the observed complete inactivation of our tagged ECF switches ([Figures S9](#mmc1){ref-type="supplementary-material"}) is the result of further reducing the already low stability of ECFs. Therefore a deliberate reduction of ECF stability does not improve the performance of ECF switches, in contrast to other transcription factors.

Antisense transcription is another mechanism by which transcriptional regulation can be influenced. It is naturally found in *B*. *subtilis* ([@bib12]) and has already been exploited in the scope of synthetic biology ([@bib7], [@bib8]). Here we have investigated the effect of having two divergently oriented promoters flanking the ECF-coding gene and observed that the effects upon the performance of the ECF switches increase with the strength of the antisense promoter. Hence, the possibility of antisense transcription is another aspect to keep in mind and avoid (e.g., by insulating the ECF σ factor coding gene with strong antisense terminators) when implementing an ECF switch.

In conclusion, our study shows that *B*. *subtilis* has a very narrow phylogenetic acceptance range for heterologous ECFs and that the effects of genetic variations on switch performance needs to be evaluated for each ECF individually. However, despite the observed individual variations, we also observe overall trends that allow us to derive the following design rules for ECF switches for implementation in *B*. *subtilis*: (1) ECFs from closely related organisms should be chosen; (2) the ECF switch should be implemented in single copy; (3) the inducible promoter driving the ECF expression should be chosen according to the type of response desired (e.g., constant or transient); (4) the ECF stability should not be decreased, e.g., by degradation tags; (5) the UP element should be included in the ECF target promoter, although we should notice that the importance of a potential UP element will depend on the precise nature of the promoter and the strength of its interaction with the RNApol; and (6) antisense transcription should be avoided.

The study presented here reports a systematic characterization of ECF-based genetic switches under different genetic environments. And although *in vivo* synthetic genetic circuits are never completely uncoupled from the host cell\'s physiology, we want robust circuits that are minimally affected by that. Having information about the robustness of the switches we employ in our circuits allow us to better choose them, to better design the circuit, and to better predict its behavior.

Limitations of the Study {#sec3.1}
------------------------

With this study we have shown that *B*. *subtilis* has a reduced phylogenetic range of acceptance of heterologous ECF switches, but no conclusions about the reasons behind this observation can be drawn from our data. However, given the relevance of this question to the understanding of bacterial transcription initiation, it will be a topic of further research in our group. Furthermore, we have comprehensively assessed the effect of alternative genetic switch designs, but very few of these alterations resulted in an increase in the performance of the switch, which suggests that efforts toward optimization of ECF switches will be better used in the incorporation of partner proteins (e.g., anti-sigma factors) than on design changes.

Methods {#sec4}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.
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